Actinobacilus actinomycetemcomitans, an oral bacterium implicated in human periodontal disease, was recently demonstrated to invade cultured epithelial cells (D. H. Meyer, P. K. Sreenivasan, and P. M. Fives-Taylor, Infect. Immun. 59:2719-2726. This report characterizes the requirements for invasion of KB cells by A. actinomycetemcomitans. The roles of bacterial and host factors were investigated by using selective agents that influence specific bacterial or host cell functions. Inhibition of bacterial protein synthesis decreased invasion, suggesting the absence of a preformed pool of proteins involved in A. actinomycetemcomitans invasion. Inhibition of bacterial and eukaryotic energy synthesis also decreased invasion, confirming that A. actinomycetemcomitans invasion is an active process. Bacterial adherence to KB cells was indicated by scanning electron microscopy of infected KB cells. Further, the addition ofA. actinomycetemcomitans-specific serum to the bacterial inoculum reduced invasion substantially, suggesting a role for bacterial attachment in invasion. Many of the adherent bacteria invaded the epithelial cells under optimal conditions. Inhibitors of receptor-mediated endocytosis inhibited invasion byA. actinomycetemcomitans. Like that of many facultatively intracellular bacteria, A. actinomycetemcomitans invasion was not affected by eukaryotic endosomal acidification. These are the first published observations describing the requirements for epithelial cell invasion by a periodontopathogen. They demonstrate that A. actinomycetemcomitans utilizes a mechanism similar to those used by many but not all invasive bacteria to gain entry into eukaryotic cells.
Actinobacillus actinomycetemcomitans, a capnophilic, gram-negative bacterium, has been implicated as an etiologic agent for juvenile and adult periodontitis (36, 40) . Clinical, microbiological, and immunological studies all provide evidence of a strong correlation between A. actiftomycetemcomitans and periodontal disease (36, 40) .A. actinomycetemcomitans elaborates several cell-associated and extracellular virulence factors (32, 35, 36) , yet the precise mechanism(s) by which A. actinomycetemcomitans maintains itself in the oral cavity is unclear (40) . An important feature typical of A. actinomycetemcomitans-mediated periodontal disease is the periodic nature of the disease activity, which heightens the clinical symptoms and results in the repopulation of the gingival crevice by A. actinomycetemcomitans (40) . The ability of A. actinomycetemcomitans to invade gingival tissue may provide an efficient means for A. actinomycetemcomitans to escape the protective mechanisms found in the gingival crevice and may explain the episodic nature of periodontal disease.
Microbial invasion of host cells and tissues is an important first step in the progression of many bacterial infections (14, 31) . Enteric bacteria, including species of Shigella, Salmonella, Yersinia, and Escherichia coli, are capable of causing disease in humans and can invade epithelial cells (14) . Listeria monocytogenes, a gram-positive bacterium that causes acute disease symptoms (meningitis and septicemia) in humans and other animals, can also invade epithelial cells (15, 24) . Recently, it has been shown that pathogens previously regarded as noninvasive (Bordetella spp., Edwardsiella spp., and enteropathogenic E. coli) and those producing chronic infections (such as Brucella abortus) are also * Corresponding author.
capable of invading epithelial cells (6-8, 10, 11, 20, 26, 33) . All of these bacteria utilize a microfilament-dependent endocytic process to enter epithelial cells (7, 8, 10, 11, 20, 26 ). It appears that other requirements for invasion, such as the number of genes, their locations, and the proteins responsible for invasion, vary from one species to another (14) .
Initial evidence suggesting tissue invasion by A. actinomycetemcomitans came from clinical studies in which viable A. actinomycetemcomitans cells were recovered from within the diseased gingival tissues (4) . Recently, this laboratory developed an in vitro cell culture invasion model for A. actinomycetemcomitans and provided evidence for invasion of epithelial cells by A. actinomycetemcomitans (25) . With this model, it was determined that A. actinomycetemcomitans invasion occurred through cytochalasin D-and cycloheximide-sensitive processes. The degree of invasiveness varied among clinical strains ofA. actinomycetemcomitans and correlated with rough-smooth colonial morphology. The present report utilizes the invasion model to study factors required for A. actinomycetemcomitans entry into epithelial cells.
MATERIALS AND METHODS
Media and biochemicals. Media and chemicals used in this study were obtained from Sigma Chemical Co., St. Louis, Mo., unless otherwise indicated.
Bacteria. The bacterial strain used in this study was A. actinomycetemcomitans SUNY 465, kindly provided by J. Zambon, State University of New York, Buffalo. SUNY 465 exhibits a smooth colonial morphology when grown on agar. Bacterial stocks frozen with 10% dimnethyl sulfoxide were grown in Trypticase soy broth (TSB) (Difco Laboratories, Detroit, Mich.) supplemented with 0.6% (wt/vol) yeast ex-tract (Difco) and 0.04% NaHCO3 (wt/vol) (TSB-YE). Solid medium was prepared by adding agar (Difco) to TSB-YE to a final concentration of 1.5% (wt/vol). Bacteria were routinely cultivated at 37°C in a humidified atmosphere containing 10% CO2 in air. Haemophilus aphrophilus ATCC 19415, obtained from American Type Culture Collection, Rockville, Md., was cultivated as described above for A. actinomycetemcomitans. E. coli HB101 was kindly provided by P. Small, Middlebury College, Middlebury, Vt., and cultivated as described previously (25, 37) .
Cell cultures. Cell lines KB and KB-R2A were obtained from J. Moehring and T. Moehring, University of Vermont, Burlington. KB, a rapidly growing epithelial-like cell line, was originally isolated from a human oral epithelioid carcinoma. KB-R2A, a cell line defective for endosomal acidification, was derived from the KB cell line (28, 30) . The cell lines were maintained in RPMI 1640 medium supplemented with 5% fetal bovine serum (RPMI-FBS) (Flow Laboratories, McLean, Va.) and 50 ,ug of gentamicin per ml (ElkinsSinn, Inc., Cherry Hill, N.J.). Cells were cultured in 75-cm2 flasks at 37°C in a humidified atmosphere containing 5% CO2 in air and propagated by splitting confluent monolayers with trypsin-EDTA.
Invasion assay. A. actinomycetemcomitans invasion was assayed by using an invasion model developed previously in our laboratory (25 Adherence assay and assay for total cell-associated bacteria. The number of total cell-associated bacteria was determined by using a modification (24) of the invasion assay in which gentamicin was omitted. The number of adherent bacteria was determined by subtracting the number of invasive bacteria from the number of total cell-associated bacteria in assays carried out concurrently.
Scanning electron microscopy of infected epithelial cells. Epithelial cells were infected with bacteria as described for an invasion assay, except that a multiplicity of infection of 1:100 was used. Following 2 h of infection, the eukaryotic cells were washed five times with PBS and fixed at room temperature by adding 2.5% glutaraldehyde in PBS 1 drop at a time until the initial volume of buffer was doubled. The infected monolayers were allowed to stabilize in this solution for 10 min and then further fixed for 30 min at room temperature by replacing the solution in wells with 1.0 ml of 2.5% glutaraldehyde in PBS. The fixed monolayers were washed three times with PBS and dehydrated through a graded series of ethanol to 100% (two changes). The coverslips carrying the eukaryotic cells were removed, critical point dried in CO2 (Samdri PVT-3B), trimmed, mounted onto sample carriers, and coated with 20-nm Au-Pd. Samples were examined in a JEOL 100CX II TEMSCAN equipped with a high-resolution ASID unit for scanning electron microscopy.
Inhibitory and modulating biochemicals. Stock solutions of compounds were prepared as indicated below, filter sterilized, and stored at 4°C in amber bottles unless otherwise indicated. To obtain final working concentrations, stock solutions were diluted with either TSB-YE (if A. actinomycetemcomitans was being treated) or RPMI-FBS (if KB cells were being treated) unless otherwise indicated. The metabolic inhibitors iodoacetate (IAA; 10 mM) and 2,4-dinitrophenol (DNP; 10 mM) were dissolved in PBS and RPMI-FBS, respectively. The protein synthesis inhibitor was chloramphenicol (4 mg/ml) in RPMI-FBS. The nucleic acid synthesis inhibitors were nalidixic acid (20 mg/ml) in 1.0 N NaOH and rifampin (15 mg/ml) in acetone. The inhibitors of endosomal acidification, ammonium chloride and methylamine, were both obtained from Fisher Chemical Co., Fairlawn, N.J., and dissolved in PBS to a final concentration from Fisher Chemical Co., Fairlawn, N.J., and dissolved in PBS to a final concentration of 50 mM. The inhibitors of microtubule formation were nocadazole (1 mg/ml) in dimethyl sulfoxide, colchicine (2 mg/ml) in PBS, and demecolcine (1 mg/ml) in acetone. Inhibitors of receptor-mediated, endocytosis were monodansylcadaverine dissolved in PBS to a final concentration of 3 mM and bacitracin (1 mg/ml) dissolved in RPMI-FBS.
Effect of inhibitors on bacterial-and eukaryotic-cell viabilities. The viabilities of bacteria (2.5 x 108 CFU/ml) and KB cells (1 x 105) were determined following 4 h of incubation in media containing the highest concentration of each inhibitor described above. Identical cultures of bacteria and eukaryotic cells incubated for 4 h in media lacking inhibitors served as untreated controls. Bacterial viability was assessed by quantitating viable counts on agar medium, the confluency of the monolayer was assessed by microscopy, and eukaryotic cell number and viability were determined by counting cells in a hemocytometer by the trypan blue dye exclusion method. Bacterial and eukaryotic viabilities remained unaffected following 4 h of incubation in medium containing the highest concentration of each inhibitor tested (data not shown). The infection of KB monolayers in the presence of the highest concentration of each inhibitor tested did not affect the confluency or viability of the monolayer compared with those of uninfected cont-rols (data not shown).
Inhibition of protein synthesis of bacteria and eukaryotic cells. The inhibition of protein synthesis in the presence of appropriate inhibitors was determined as follows.
(i) Bacteria. Exponential cultures of SUNY 465 (108 bacteria per ml) were washed three times with PBS and incubated at 37°C in RPMI-FBS containing the inhibitory agent. Every 30 min, 0.5-ml aliquots were removed, 0.5 ml of 14C (Amersham Life Sciences, Arlington Heights, Ill.) labeling medium was added to each one (29) , and they were further incubated for 30 min. Labeled bacteria were washed three times with PBS to remove excess labeled amino acids and
on September 30, 2017 by guest http://iai.asm.org/ Downloaded from incubated with 1.0 ml of cold 5% trichloroacetic acid at room temperature to precipitate acid-precipitable proteins. Labeled proteins were washed with PBS, and the amount of radioactivity incorporated into proteins was determined by using a liquid scintillation counter. Assays were carried out in triplicate.
(ii) Eukaryotic cells. The inhibition of eukaryotic protein synthesis was determined by using a modification of the procedure used for the diphtheria toxin assay described below. Briefly, 105 KB cells grown in shell vials were incubated with 0.5 ml of RPMI-FBS containing the inhibitory agent. Vials were removed every 30 min and further incubated for 30 min following the addition of "'C labeling medium (29) . Radiolabeled proteins were precipitated by adding 5% trichloracetic acid and quantitated as described below. Controls included samples that did not receive any inhibitory agents or "'C labeling medium. All assays were carried out in triplicate.
Preparation of high-titer immune serum to bacteria. Exponential-phase A. actinomycetemcomitans SUNY 465 was treated with 10% formalin to kill the bacteria and inoculated into rabbits according to previously described procedures (9) . Rabbits were bled, and the titers of their sera against SUNY 465 were determined by a modification of an enzymelinked immunosorbent assay described for Streptococcus sanguis (9) . High-titered rabbit sera were pooled and treated at 56°C for 30 min to destroy complement.
Diphtheria toxin assay. Diphtheria toxin was assayed by using a modification of the method described by Moehring and Moehring (29) . Briefly, 105 KB cells were grown at 37°C to semiconfluency in shell vials to which medium containing diphtheria toxin (List Biological Labs, Campbell, Calif.) was added. When used, inhibitory agents were added either 2 h prior to the addition of diphtheria toxin or together with the toxin. Following 2 h of incubation, the medium was replaced with medium containing 14C-labeled amino acids, and the vials were further incubated for 2 h. Proteins were precipitated by adding 1.0 ml of cold 5% trichloroacetic acid to the vials, and the amount of radioactivity incorporated into proteins was quantitated by determining radioactive counts in a liquid scintillation counter. Controls included monolayers to which neither diphtheria toxin nor 14C-labeled amino acids were added. All assays were carried out in triplicate.
RESULTS

Metabolic requirements for invasion. (i) Protein synthesis.
To determine whether bacterial protein synthesis was required for invasion, chloramphenicol, an inhibitor specific for prokaryotic protein synthesis (22) , was added to the bacterial inoculum immediately before KB cells were infected. The presence of increasing concentrations of chloramphenicol in the bacterial inoculum decreased invasion of A. actinomycetemcomitans SUNY 465 by as much as 86% (Table 1 ). Chloramphenicol at the concentrations used had no affect on bacterial viability following 4 h of incubation (data not shown) but did decrease incorporation of 14C-labeled amino acids into A. actinomycetemcomitans by as much as 86% within 2 h.
(ii) Nucleic acid synthesis. The addition of either nalidixic acid, an inhibitor of bacterial DNA synthesis, or rifampin, an inhibitor of bacterial RNA synthesis (22) , to A. actinomycetemcomitans SUNY 465 immediately before KB cells were infected did not inhibit invasion ( Table 1 ). The concentrations of nalidixic acid and rifampin used in invasion assays did not decrease the viability of A. actinomycetemcomitans following 4 h of incubation (data not shown). However, incubation of A. actinomycetemcomitans for a total of 6 h (sufficient for bacteria to produce one generation) in media containing these concentrations of nalidixic acid or rifampin resulted in a substantial decrease of bacterial viability (data not shown).
(iii) Energy metabolism. Energy requirements for invasion were determined by using IAA and DNP as metabolic probes. IAA and DNP affect different biochemical pathways, inhibiting glycolysis and oxidative phosphorylation, respectively (22) . Both the bacterial inoculum and the KB monolayers were suspended in media containing increasing concentrations of IAA or DNP immediately prior to infection of the KB monolayer. Invasion was inhibited by approximately 90% by the highest concentration (0.2 mM) of either IAA or DNP ( Table 2 ). The incubation of either A. actinomycetemcomitans or KB cells in media containing these concentrations of IAA or DNP for a duration equal to the period of the assay did not decrease bacterial or eukaryotic viability (data not shown). Experiments in which only the KB cells or bacteria were exposed to IAA or DNP for 2 h were also carried out. The treated monolayers or bacteria were washed with PBS and used in invasion assays. Pretreatment of KB monolayers or bacteria with IAA resulted in a maximum decrease of 90 and 65%, respectively, whereas pretreatment of either KB cells or bacteria with DNP had little or no effect on invasion ( Table 2) .
Role of attachment in invasion. Bacterial attachment is a critical first step in the invasion process (12, 31) . Scanning electron microscopy of infected KB cells showed that A. actinomycetemcomitans attached to the eukaryotic cells (Fig. 1 ). Attachment appears to be tenacious, as even after the rigorous fixation process, numerous bacteria remain attached to eukaryotic cell surfaces (Fig. 1) . The addition of immune serum to the infecting bacterial inoculum resulted in a maximum decrease in invasion of 99% compared with that resulting from the addition of preimmune serum (Table 1) . A. actinomycetemcomitans remained viable following treatment at 37°C for 4 h with these concentrations of sera.
Total cell-associated, adherent, and intracellular bacteria. Assays were carried out at both 37 and 4°C. The results (Table 3) indicate that at 37°C, the numbers of total cellassociated, adherent, and intracellular A. actinomycetemcomitans were 10-, 5-, and 80-fold greater, respectively, at 37°C than at 4°C. At 370C, 44% of the total cell-associated bacteria were adherent, whereas at 4°C, over 90% were adherent (Table 3 ). This reduction in adherence at 4°C may partially account for the pronounced reduced invasion that we observed at 4°C (25) .
The number of adherent bacteria capable of invasion was determined by incubating infected KB monolayers for 2 h at 40C to inhibit invasion. Following incubation, monolayers were washed with PBS to remove nonadherent bacteria and further incubated at 370C in fresh RPMI-FBS for 2 h, and the standard invasion assay was carried out. A major proportion of the bacteria that adhered at 4°C was internalized at 37°C ( (23, 31) . Lysosomotropic agents, including methylamine and ammonium chloride, inhibit endosome acidification by inhibiting ATPases and thereby confer resistance to toxins and intracellular parasites (23) . Cell lines, such as KB-R2A, that are defective in endosomal acidification are able to resist viruses and toxins (28, 30) . The defect in endosomal acidification was confirmed by using the diphtheria toxin assay. In our hands, the 50% lethal dose for KB cells was 0.1 p,g/ml, whereas KB-R2A cells were completely resistant to diphtheria toxin at the concentrations tested (0.001, 0.01, 0.1, and 1 ,ug/ml), confirming the defect in endosome acidification. The pretreatment of KB cells with 50 mM methylamine or ammonium chloride for 2 h was sufficient to prevent the lethal effect of diphtheria toxin (data not shown), indicating that these agents were capable of inhibiting endosomal acidification at these concentrations.
However, the presence of ammonium chloride or methylamine at a final concentration of 50 mM in the infecting bacterial inoculum had no affect on A. actinomycetemcomitans invasion (percent invasion is the ratio of internalized [gentamicin-resistant] A. actinomycetemcomitans in the presence of inhibitor to internalized [gentamicin-resistant] A. actinomycetemcomitans in the absence of inhibitor. The number of intracellular bacteria recovered from the control was [1.04 + 0.14] x 107 CFU/ml. H. aphrophilus, a bacterial species used as a negative control for the invasion assay, yielded [0.048 + 0.002] x 107 intracellular bacteria per ml). Invasion of KB cells was 108% + 4% in the presence of methylamine and 110% + 8% in the presence of ammonium chloride. The degree of invasion by A. actinomycetemcomitans into KB-R2A (98% + 14%) was similar to that observed with the wild-type KB cells (100% + 13%). Although the concentrations of methylamine and ammonium chloride used to inhibit the action of diphtheria toxin were not bacteriostatic to A. actinomycetemcomitans SUNY 465, experiments were designed to eliminate the exposure of A. actinomycetemcomitans to lysosomotropic agents. In these experiments, KB cells were pretreated with lysosomotropic agents for 2 h. The treated monolayers were washed and infected with a bacterial inoculum suspended in drug-free medium, and the standard invasion assay was carried out. A. actinomycetemcomitans SUNY 465 was equally proficient in localizing within pretreated and untreated controls (data not shown).
Microtubule formation. The effects of nocadazole, colchicine, and demecolcine (21) , inhibitors of eukaryotic microtubule formation, on invasion byA. actinomycetemcomitans were tested. The presence of microtubule inhibitors in the infecting bacterial inoculum did not decreaseA. actinomycetemcomitans invasion into KB cells (Table 1 ). Experiments were also performed in which KB monolayers were pretreated for 2 h with inhibitors of microtubule formation, the treated monolayers were washed, and the standard invasion assay was carried out. Pretreatment of KB cells did not decrease bacterial invasion (data not shown). The concentrations of microtubule inhibitors used were sufficient to 
DISCUSSION
Bacteria capable of invading epithelial cells have evolved different mechanisms for dealing with the various stages of intracellular life (initial bacterial-mammalian cell interaction, internalization, intracellular survival, and exit from the eukaryotic cell). However, it is believed that all of these bacteria actually enter the host cell by different pathways that appear to be functionally analogous (14, 31) . In this study, we present the first evidence that a periopathogen, A. actinomycetemcomitans, utilizes invasion mechanisms similar to those described for many but not all invasive bacteria.
Inhibition of bacterial protein synthesis significantly inhibited invasion of KB cells byA. actinomycetemcomitans. The fact that the de novo bacterial protein synthesis proved to be necessary for invasion suggests the absence of a preformed pool of bacterial protein(s) mediating invasion. This requirement for new protein synthesis is similar to that reported for Neisseria gonorrhoeae (3) and contrasts with the invasinmediated uptake mechanisms reported for Yersinia pseudotuberculosis, in which the protein invasin is preformed and localized on the bacterial surface (14, 19) . Previously, we presented evidence that inhibition of mammalian cell protein synthesis by cycloheximide also inhibited A. actinomyce-VOL. 61, 1993 on September 30, 2017 by guest http://iai.asm.org/ Downloaded from temcomitans invasion (25) . Thus, both bacterial and eukaryotic protein syntheses are required for invasion by A. actinomycetemcomitans.
Inhibition of bacterial RNA or DNA synthesis had no effect on KB cell invasion by A. actinomycetemcomitans. Yersinia enterocolitica does not require either protein or RNA synthesis for invasion but may require both for attachment (27) . The difference in protein synthesis requirements for A. actinomycetemcomitans and Y enterocolitica suggests differences in the expression of ligands mediating invasion.
Invasion by Shigella spp. (16, 17) , Salmonella spp. (14), and several other bacterial species has been shown to be an active process requiring metabolically active host cells and bacteria. Previously, we showed that A. actinomycetemcomitans invasion was decreased at 4°C, which suggests that metabolically active bacteria and/or host cells were required for invasion (25) . In this report, we demonstrate that energy metabolism, both glycolysis (inhibited by IAA) and oxidative phosphorylation (inhibited by DNP), are prerequisites for A. actinomycetemcomitans invasion. Pretreatment of KB cells or bacteria with IAA and subsequent washing prior to use in the invasion assay decreased invasion. The irreversible nature of the inhibition by IAA is consistent with its mechanism of action, which is to modify sulfhydryl groups, a process involving chemical change and requiring extended time for reversal (22) . The mechanism of action described for DNP is inhibition of energy synthesis due to a breakdown of high-energy intermediates that is readily reversed when the agent is removed (22) . We observed that invasion frequency returned to normal when DNP was incubated with bacteria or KB cells but was removed before the infection process. These data suggest that it was the requirement for energy metabolism that was affected.
Microtubules are key components of the mammalian cytoskeleton that maintain cellular architecture (21) . Microtubule inhibitors did not inhibit A. actinomycetemcomitans invasion, which suggests that this bacterium does not require microtubules for invasion. Similar results have been reported for invasion by Y enterocolitica, Salmonella cholerasuis, and Shigella flexneri (13) . On the other hand, Edwardsiella spp., N. gonorrhoeae, and enteropathogenic E. coli require both microtubules and microfilaments for entry into eukaryotic cells (3, 8, 20, 26) . Interestingly, colchicine, an inhibitor of microtubule formation, significantly increased invasion byA. actinomycetemcomitans. The reasons for this observation are unclear.
The first step in invasion by nonmotile bacteria must include, out of necessity, attachment to host cells by random contact (31) . It has been shown that most invasive bacterial species do attach to eukaryotic cells prior to invasion; however, the requirement for cell attachment in S. flexneri invasion remains unresolved (13, 14, 31) . The eukaryotic cell surface receptors for several intracellular bacteria have been determined and shown to include several diverse eukaryotic cell surface ligands (12) . Scanning electron microscopy of infected KB cells confirmed that A. actinomycetemcomitans attaches to eukaryotic cell surfaces and cellular structures. Bacteria appear to be attached both end on and lengthwise. Treponema spp. have been shown to attach end on to eukaryotic cell surfaces (18, 39) , while Actinomyces naeslundii (1) and Haemophilus influenzae (38) attach to eukaryotic microvilli. At this stage, it is unclear whether this attachment by A. actinomycetemcomitans is a prerequisite for invasion. However, the decreased invasion which occurred when immune serum was present in the infecting inoculum suggested that a specific bacterial adhesin(s) may be involved in invasion. Temperature affected adherence, with more bacteria adhering at 37 than at 4°C. Similar differences in adhesion were noted with Borrelia burgdorferi (5), whereas the temperature of incubation does not affect adhesion of Yersinia spp. (14, 27) . It was not surprising to find that a major proportion of the adherent A. actinomycetemcomitans invaded under optimal conditions. Monodansylcadaverine and bacitracin are agents which are believed to inhibit receptor-mediated endocytosis by inhibiting cellular transglutaminase activity (34) . Both agents decreased the ability ofA. actinomycetemcomitans to localize within KB cells. Monodansylcadaverine also inhibited the incorporation of 14C-labeled amino acids by A. actinomycetemcomitans and KB cells (data not shown). Hence, it is not clear whether decreased inhibition of invasion was due to inhibition of receptor-mediated endocytosis or was a secondary effect on protein synthesis, as protein synthesis is required for A. actinomycetemcomitans invasion. It has been shown that monodansylcadaverine but not bacitracin decreases invasion of Y enterocolitica (27) , whereas invasion by Bordetella parapertussis is not inhibited by either monodansylcadaverine or bacitracin (11) , indicating the use of somewhat different invasion mechanisms by these organisms.
Parasites that localize within host cells avoid the lethal enzymes of eukaryotic cells by a variety of means (31) . Some intracellular bacteria are resistant to the antimicrobial effects of the endosome, while other bacteria, such as Legionella pneumophila, Toxoplasma gondii, and Nocardia asteroides, survive by inhibiting endosome acidification (31) . We previously reported that A. actinomycetemcomitans entered the eukaryotic cell in an endosome but was later found in the cytoplasm (25) . These data suggested that A. actinomyce temcomitans was resistant to the lethal effects of the endosome, although it is killed in vitro between pH 4.5 and 5.0 (data not shown). Using a cell line mutant in endosome acidification as well as lysosomotropic agents, we found no increase in invasion ofA. actinomycetemcomitans, confirming our initial observation of its ability to resist the lethal effects of acidification. Apparently, A. actinomycetemcomitans, like Y enterocolitica and S. choleraesuis (13) , was able to resist endosomal acidification. Whether A. actinomycetemcomitans inhibits endosomal acidification or requires endosomal acidification for release from the endocytic vacuole remains to be determined.
In conclusion, these are the first studies investigating the requirements for invasion by an oral microorganism. They reveal that at least one oral pathogen, A. actinomycetemcomitans, has requirements similar to many of those described for other invasive bacteria (14, 31) . In addition, these data provide a solid foundation toward an understanding of the overall process used by A. actinomycetemcomitans to invade epithelial cells and should assist us in determining the genetic requirements of A. actinomycetemcomitans invasion.
